Abstract The effects of lanthanum on the resting membrane potential, action potential, membrane resistance, twitch tension, and potassium contracture were investigated and the localization of the drug was studied electron microscopically in isolated frog ventricular muscle. Lanthanum in concentrations of 0.2 to 5 mm decreased the resting potential by about 5-8 mV, which was accompanied by an increase in the membrane resistance of about 43 % for the depolarizing and 40 % for the hyperpolarizing direction. Lanthanum caused a decrease in height and a prominent shortening of the action potential, and also, a depression of the plateau level. In addition, it increased the threshold for action potential generation depending on its concentration. The slow response action potential was inhibited by lanthanum in parallel with twitch inhibition. This finding suggests that the twitch inhibition resulted from the suppression of the slow inward calcium current. In contrast, potassium contracture was not inhibited by lanthanum. When the muscle preparation was treated with neuraminidase, the twitch inhibition caused by lanthanum was strongly depressed. Electron microscopic observation revealed that the precipitates of lanthanum were localized on the external lamina of myocytes as well as in the extracellular spaces but could never be found within the cytoplasm. No such precipitates could be detected in the neuraminidase-treated muscle. From these results it is suggested that lanthanum takes the place of calcium at the membrane surface : it modifies permeabilities to sodium, potassium and calcium ions and the excitation-contraction coupling of the ventricular muscle by replacing calcium bound to the membrane surface.
cellularly is important for that of skeletal muscle. LANGER and FRANK (1972) reported that the negatively charged sites at the membrane surface play a crucial role in the excitation-contraction coupling process of mammalian cardiac muscle and regulate muscular contractility. Recent data have shown the possibility of a triggered release of activator calcium from the sarcoplasmic reticulum caused by calcium in both skeletal muscle and mammalian cardiac muscle (ENDO et al., 1970; FABIATO and FABIATO, 1975) .
To investigate the role of calcium, the effects of various divalent and trivalent cations on the electrical activities of muscles have been studied. In their electrophysiological experiments, HAGIWARA and TAKAHASHI (1967) showed that among various cations lanthanum was the most effective one in blocking the Ca-dependent action potential of barnacle muscle. In lobster axon membrane, TAKATA et al . (1966) reported that lanthanum had a membrane-stabilizing action similar to that with a high concentration of calcium. Since the hydrated radius of the lanthanum ion is roughly the same as that of the calcium ion, it seems that lanthanum will bind to calcium-binding sites more strongly than monovalent and divalent cations (LETTVIN et al., 1964) . Lanthanum also prevents the transmembrane calcium flux in giant axon ( VAN BREEMEN and DE WEER, 1970) , skeletal muscle (WEISS, 1970) , cardiac muscle (SANBORN and LANGER, 1970; LANGER and FRANK, 1972) , and smooth muscle ( VAN BREEMEN et al., 1972) . Although lanthanum is known to cause a potentiation of peak twitch tension and a prolongation of the potassiuminduced contracture in skeletal muscle (ANDERSSON and EDMAN, 1974a, b) , it uniquely uncouples the link between excitation and contraction in mammalian cardiac muscle (SANBORN and LANGER, 1970) .
On the basis of autoradiographic (LASZLO et al., 1952) and electron microscopic evidence (REVEL and KARNOVSKY, 1967; LESSEPS, 1967; FRANK et al., 1977) it has been confirmed that lanthanum does not penetrate the cellular membrane but, rather, has a superficial effect by causing the depletion of calcium ions from the surface sites. Since the surface coat and the external lamina of the cell membrane consist of glycoproteins and glycolipids in which sialic acid is one of the most important constituents (TUPPY and GOTTSCHALK, 1972; SPIRO, 1972; SAI-SUN and DAIN, 1976) , the effects of lanthanum seem to be exerted through the negatively charged sites originating from such membrane constituents. Thus, by neuraminidase treatment, FRANK et al. (1977) confirmed that sialic acid is the principal site for the excitation-contraction coupling of mammalian cardiac muscle, though HARDING and HALLIDAY (1980) recently showed that the calcium ions bound to sialic acid play a minor role in the maintenance of the contractile activity of the myocardium. It is worthwhile to appreciate the significance of sialic acid in frog ventricular muscle because the role of sialic acid has not yet been analysed in this tissue.
In the present study the author investigated the effect of lanthanum on the membrane potential, action potential, excitation-contraction coupling and also on the ultrastructure of frog ventricle. Further, the actions of lanthanum were studied on the muscle preparation in which sialic acid components had been removed by treatment with neuraminidase.
METHODS
The experiments were performed on small strips of less than 0.5 mm diameter and 1 mm length obtained from the heart ventricle of Rana catesbeiana. The muscle preparation was mounted horizontally in a Lucite chamber with a volume of 1 ml and perfused with normal Ringer and various test solutions. In order to stimulate the muscle, rectangular pulses of 0.2 Hz and 3 msec duration were applied from an electronic stimulator through a pair of Ag-AgCl electrodes placed along the muscle preparation. The composition of the normal Ringer solution was as follows (mm): NaCl 111.2; KCl 3.0; CaCl2 2.0; glucose 5.5; Tris-HCl 5.0, the pH being 7.2. Solutions with higher potassium concentration (18 mM) were used in the experiments on the slow response action potential. In the experiments on potassium contracture, 100 mM of NaCl was replaced by equimolar KCl. LaCl3 between 0.2 and 5 mM was added to these solutions.
For the measurement of isometric tension, one end of the muscle strip was fixed with thin insect pins and the other end was connected to a force transducer. Membrane potentials were measured with a conventional glass capillary microelectrode filled with 3M KCl and having a resistance of 30 to 40 MQ.
In the measurements of the membrane resistance, the muscle preparation was partitioned into two compartments by means of a thin plate with a rubber edge as shown in Fig. 1 . The compartment for the membrane potential measurement Fig. 1 
Effects of lanthanum on the membrane potential and the action potential
The effects of 0.5 mM lanthanum on the membrane potential and the action potential of frog ventricle are shown in Fig. 2 . Figure 2A shows a control action potential recorded in normal Ringer solution and Fig. 2B shows a control action potential and that 4 min after the application of lanthanum. Similarly, Figs . 2C and D show superimposed records of the control and the modified action potentials obtained 10 and 20 min after lanthanum perfusion , respectively. As is seen in the figure, lanthanum caused a decrease in the height of the action potential , a depression of the plateau level and a prominent shortening of the action potential duration. The resting potential , which was -86 mV in the normal Ringer solution, was gradually reduced and the depolarization amounted to 5 mV within 30 min. A further perfusion with lanthanum resulted in a loss of excitability . When the muscle was washed with. normal Ringer solution both the resting and the action potential recovered, although the action potential duration was somewhat prolonged.
The effects of 5 mM lanthanum on the action potential were investigated (Fig .  3) . Figure 3A A, control; B, C, and D, superimposed records of control action potential and action potentials obtained 4, 10, and 20 min after the application of lanthanum, respectively.
Fig . 3B shows a superimposed record of action potentials before, and 5 min after, the application of lanthanum. Figures 3C and D show the records obtained 8 and 9 min after the application, respectively. As shown in the figure the action potential duration was remarkably decreased and a slight depolarization occurred. The decrease of the resting potential occurs more slowly than the decrease of the amplitude or duration of the action potential. In Fig. 3C the action potential was separated into two components, namely a spike and a suppressed plateau. The plateau component completely disappeared, as seen in Fig. 3D , leaving the spike component, which gradually disappeared after 10 min. The degree of depolarization was about 8 mV. Many hours were required for the recovery of excitability, however, the configuration of the action potential was never restored to the original pattern.
Effects of lanthanum on membrane resistance
In order to investigate the causal mechanism of the depolarization brought about by application of lanthanum, the resting membrane resistance was measured. In Fig. 4 , the upper and lower traces show the polarizing currents and the electrotonic potentials, respectively. Figure 4A shows the polarizing currents and the electrotonic potentials obtained in the normal Ringer solution while example the membrane potential was depolarized by about 5 mV. This figure clearly shows that the magnitude of the electrotonic potentials induced by both depolarizing and hyperpolarizing currents was considerably increased. Further, the threshold for action potential generation was elevated. Figure 5 illustrates the current-voltage relation.
In Fig. 5A the electrotonic potentials was plotted against the applied anodal (inward) or cathodal (outward) currents. Filled circles show the response in the normal Ringer and open circles show that in the 5 mm lanthanum solution (15 min). To observe the change of the effective membrane resistance, i.e., the slope of the curve more precisely, the curve for the lanthanum solution was shifted to the resting membrane potential along the voltage axis (Fig. 5B) . The increase of the effective membrane resistance amounted to 40 to 60 % for the depolarizing direction and to about 40 % for the hyperpolarizing one showing that the change was more pronounced in the former case.
Effects of lanthanum on twitch tension
It is known that lanthanum of low concentration inhibits the excitationcontraction coupling of cardiac muscle. Figure 6 illustrates the effect of 0.2 mM lanthanum on the twitch tension of frog ventricular muscle. In Fig. 6A the upper trace shows the twitch tension and the lower one shows the rate of its rise and fall. In Fig. 6B the changes of twitch tension were superimposed on the oscilloscope in order to clarify the transition of the pattern. As is shown in the figure, the rate of rise decreased whereas the time to peak tension was essentially unchanged.
Simultaneous records of the action potential (upper trace) and the twitch tension (lower trace) are shown in Fig. 6C Ringer and b and c show the records of 2 and 20 min after application of lanthanum, respectively. It is thus clear that the depression of the twitch tension is accompanied by an inhibition of both the plateau and the duration of the action potential.
4. Effects of lanthanum on the slow response action potential MASCHER (1970) showed that a slow response action potential could be elicited after inactivation of the sodium channel by KCl-rich solution perfusion. This slow electrical response is thought to be caused by an inflow of calcium ions which corresponds to the slow inward current demonstrated by voltage clamp study (BEELER and REUTER, 1970) . It is known that lanthanum inhibits the slow inward calcium current of mammalian heart muscles (KATZUNG et al., 1973; KASS and TSIEN, 1975) . Therefore, the effects of lanthanum on the slow response action potential were studied in frog ventricular muscle.
When the concentration of KCl in the normal Ringer was increased from 3 to 18 mM, the membrane potential gradually declined to -45 mV, where the sodium channel is inactivated. In this condition a slow response can be produced by increasing the duration and intensity of the stimulus. Figure 7A shows the control slow response and Figs. 7B, C, and D show the slow responses obtained 6, 8, and 9 min after the application of 0.5 mM lanthanum, respectively. The slow response was completely abolished 10 min after the application of lanthanum (not shown).
Effects of lanthanum on the potassium contracture
It is known that the twitch and contracture of cardiac muscle does not always change in parallel with various kinds of inotropic interventions. For example, catecholamines inhibit potassium contracture while they augment twitch in both mammalian and frog hearts (GRAHAM and LAMB, 1966 ; KAVALER and MORAD, 1966) . Therefore the effects of lanthanum on the potassium contracture were investigated. The contracture response produced by an application of solution containing 100 mM KCl for 2 min is shown in Fig. 8 in normal Ringer solution reached its peak within 1 min and was thereafter inactivated rapidly. Figure 8B shows that the contracture could still be produced with 100 mM KCl even after the twitch tension completely disappeared on perfusion of 0.2 mM lanthanum. The contracture in the lanthanum-treated muscle was sustained at the peak level. Thus it may be possible that the contracture response was produced independent of the suppression of slow inward calcium current under sustained depolarization by high potassium.
6. Effects of lanthanum on the sialic acid-removed preparation The inhibition of twitch tension by lanthanum may be mediated through the effect on the negatively charged sites. If this assumption is valid, the inhibition of lanthanum should be abolished in such muscles wherefrom sialic acids are removed by treatment with neuraminidase, since lanthanum is known to react mainly with carbohydrate components of the membrane. Therefore, the action of neuraminidase treatment on the twitch tension was studied and the inhibitory effect of lanthanum were compared before and after enzymatic treatment. The enzymatic treatment itself did not affect the twitch tension.
The effects of 0.2 mM lanthanum on six neuraminidase-treated muscles (open circles) and on six untreated-muscles (filled circles) are summarized in Fig. 9 . In both curves, the value of the peak tension relative to that immediately before the perfusion of lanthanum was plotted as % against the perfusion time. Twitch tension was inhibited by only 23.5 % within 20 min of perfusion in the neuraminidase-treated muscle whereas it amounted to 92.4 % in the untreated muscle.
Ultrastructure of frog ventricular muscle and localization of lanthanum
The ultrastructure of ventricular muscle treated with lanthanum was observed Fig. 9 . Tension change caused by lanthanum in the sialic acid-removed preparation. Ordinate : average % values of peak tension relative to the value immediately before the perfusion of lanthanum.
Untreated muscle (40) and neuraminidase-treated muscle (0).
under the electron microscope to clarify the details of the site of action of this trivalent ion. The localization of lanthanum in the unstained preparation is shown in Fig. 10 . In the figure it can be clearly seen that lanthanum precipitation is limited to the outside of the surface membrane, especially to the external lamina, whereas no precipitation is discernible within the cytoplasm.
Next, the localization of lanthanum was investigated using neuraminidasetreated muscle. Figure 11 shows the ultrastructure of the muscle perfused with 5 mm lanthanum for 20 min after treatment with neuraminidase. As shown in the figure, lanthanum is found neither on the surface membrane including the external lamina, nor in the extracellular spaces.
DISCUSSION
The main findings of the present study are that lanthanum inhibits twitch tension through suppressing the plateau of the action potential and that this effect is probably exerted from the cell exterior rather than interior. Furthermore, it was shown that the potassium contracture was augmented by lanthanum application in spite of twitch inhibition.
Influence of lanthanum on ionic permeability. The present experiments showed that lanthanum produced a decrease in the height of the action potential. Further-more, the drug elevated the threshold for action potential initiation. It would be reasonable to assume that lanthanum interferes with the rapid inward sodium current system. In mammalian Purkinje fibers, PALOMO et al. (1973) observed that lanthanum decreased the amplitude of the action potential. In the lobster axon, TAKATA et al. (1966) found that lanthanum caused a progressive rise in the threshold and a decrease in the height of the action potential as well as in its rate of rise and fall, respectively. The inhibitions of the plateau level and duration of action potential are due to the abolition of the slow inward calcium current, since the slow response action potential was strongly depressed by lanthanum.
In general, the heart muscle shows a marked anomalous rectification in the range between the resting and plateau potentials, so it cannot be decided whether the observed change in the membrane resistance is due to a direct effect of lanthanum on the background potassium current or due to a secondary effect via the observed slight depolarization (5 mV). Since the degree of the change in the membrane resistance caused by lanthanum was still large even when the currentvoltage curve was shifted graphically to the resting potential level, it is reasonable to assume that the former effect is also involved. Using the sucrose-gap method, HAASS (1975) also reported that 0 5 mm lanthanum increased the membrane resistance in guinea pig papillary muscle and assumed that the increase is mainly due to a change in the potassium conductance.
Excitation-contraction coupling and lanthanum. The marked inhibition of the twitch tension caused by lanthanum seems to be the result of a depression of the slow inward calcium current, although SANBORN and LANGER (1970) have shown the uncoupling effect of a low concentration of lanthanum on the excitation-contraction coupling of rabbit heart. The potassium contracture was not depressed in lanthanum solution in spite of the complete inhibition of twitch. Furthermore, the potassium contracture in lanthanum solution did not subside but was rather sustained near the peak level, whereas the contracture in normal Ringer solution was rapidly inactivated. As mentioned previously, this finding suggests that the potassium contracture can be produced independent of the suppression of calcium entry and that the contractile element itself was not impaired by applying lanthanum. Although the causal mechanism of potassium contracture has not yet been fully established there are two possibilities, namely the participation of the depolarization-induced release of calcium from the sarcoplasmic reticulum and that of the Na-Ca exchange system. The fact that a very large contracture response was generated in the lanthanum solution may indicate that neither of these two mechanisms are affected by lanthanum.
The maintenance of contracture in the lanthanum solution would indicate that an inhibition either of the intracellular calcium sequestering mechanism or of the calcium extrusion process across the sarcolemma occurred. Similar prolongation of the potassium contracture was also observed in skeletal muscle by ANDERSSON and EDMAN (1974b) , who interpreted this phenomenon as reflecting a reduced rate of inactivation of the mechanism of calcium release from the intracellular store following depolarization. However, it is uncertain whether such an effect on the releasing mechanism also operates in cardiac muscle. Further, the effect of lanthanum on the Na-Ca exchange mechanism is likewise unknown, although one could suppose that calcium efflux involved in this mechanism is strongly suppressed.
Influence of neuraminidase treatment. Whereas on the basis of the observation on neuraminidase treatment, FRANK et al. (1977) emphasized that in mammalian cardiac muscle, calcium ions bound to the negatively charge sites in the external matrix of the cardiac cells play a crucial role in the regulation of contraction, HARDING and HALLIDAY (1980) recently reported that the calcium ions bound to negatively charged sites play a minor role. Their argument was based on the fact that the twitch force of the neuraminidase-treated muscle is almost the same as that of the neuraminidase-untreated muscle.
The present results showed that after the treatment with neuraminidase the inhibitory effect of 0.2 mm lanthanum on the twitch tension was strongly suppressed. It is therefore obvious that the elimination of the effects of lanthanum was produced by a removal of sialic acid. The recovery of twitch tension after neuraminidasetreatment is rather surprising if one assumes that the movement of calcium ions across the sarcolemma is somehow regulated by the negative charge including sialic acid. There is, however, no adequate explanation for this finding at present.
The localization of the negatively charged sites is not clear but is possibly related to the surface of the sarcolemmal membrane. According to the present study with the electron microscope, the precipitation of lanthanum was found on the external lamina but not on the surface coat. The finding that lanthanum seems not to permeate the cell membrane of frog myocardium would mean that the electrical and mechanical effects are possibly exerted from outside the sarcolemma.
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